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AI lSTRACT. Gas chromatography/mass spectrometry was used to analyze the oxygen evolved 
from nornml and tso enriched YBa2(~u3()69 ~ upon dissolution in normal and 180 enriched acid. 
l :rom the lSO/160 ratio we show that the oxide phase is the source of all the evolved oxygen. 
Our results indicate that some of the lattice oxygens are in a state other than O 2 , probably O 
or peroxide. The fact that we are unable to chemically detect peroxide suggests that the radical 
O could possibly be the species released from the oxide. 
MATERIALS  INDEX: Superconductors, perovskites, peroxides 
Introduction 
In order to lormulate a mechanism(s) explaining high temperature superconductivity, exper- 
imental data in a number of areas are required. One of these is the nature of the holes which 
are generally recognized as being necessary for superconductivity o occur in these oxide ma- 
terials (1-4). In fact, they are a common denominator in both the l,a2 fir~Cu()4 and 
YBa2Cu3Oy systems and likely play a similarly important role in the bisnmth and thallium high 
~1"~ superconductors. We know that La2CuO4 as a stoichiometric compound is non- 
superconducting but becomes so by doping with divalent alkaline earths or by stoichiometry 
variations. In general, YBa2Cu306. s shows no superconductivity until sufficient holes are intro- 
duced by oxygen intercalation into the lattice. There is increasing evidence, both experimental 
and theoretical, that these holes are either on the oxygens, or in any case in the anion band 
rather than on the copper (5,6). I f  this were the case one could consider an unusual O type 
species and/or peroxide groups in the anion lattice rather than a O 2 and Cu 3~ , and look at the 
dissolution reactions omewhat differently (7). For example, will a solid containing an O type 
species act like a peroxide upon dissolution in acid solution, or will it be indistinguishable from 
other materials where the hole is associated with the cation and the oxygens are thought to be 
mainly ()2 ions? 
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It was previously shown that the hole concentration can be determined directly by chemical 
means although it is not possible by this technique to determine the chemical identity of the 
particles carrying the holes (3,8). Another conclusion which one can draw from the chemical 
determination f holes is that whatever carries the holes is likely being transferred to the sol- 
ution where it reacts with ions such as Fe ~+ or I-. However, the dissolution of those compos- 
itions containing holes, i.e. those with y > 6.5, in the absence of oxidizable species (Fe 2÷ or I- 
) results in the evolution of oxygen. This also does not allow one to distinguish between Cu 3+ 
and O- since both will lead to oxygen evolution. One possible way to distinguish between them 
is by determining the source of the evolved oxygen - whether it is from the solution or the solid. 
It is well known that Cu-ions in aqueous solution are present as hydrated complexes, {
Cu(OH)6} 2 ÷, and that the water of this complex is rapidly exchanged with other water molecules 
from the solvent (9). This means that only a fraction of the oxygen atoms required for coordi- 
nating of the Cu ~ ions in solution can originate from the sample. On the other hand, Cu 3+ 
hydrated complexes are unstable in solution and will evolve oxygen. Since our earlier work 
showed that, if present, they live long enough to carry the hole into the solution they are also 
likely to be hydrated before decomposition. Peroxides on the other hand do certainly not ex- 
change oxygen atoms with the solvent because the bond in (O - 0) 2- is much too strong,. Thus, 
if the oxygen evolved were shown to originate from the solid, it is likely that it is due to the 
presence of a peroxide or a species uch as O- in the lattice. Therefore, a simple and direct ex- 
periment o determine the chemical nature of the hole-states i to do dissolution studies on 
1sO enriched material. For example, if we dissolve a superconductor containing only 160 in an 
lSO solution, if Cu 3+ is the hole carrier we would expect he evolved oxygen to contain up to 
about 20%1sO, depending on the lifetime of the Cu 3. complex compared with the rate of the 
water-exchange b tween the complex and the solution. If, on the other hand, the holes are 
carried by oxygen, either in the form of a peroxide or O , we would expect a larger fraction of 
the evolved oxygen to be 160. Similarly, we can dissolve an 1sO enriched solid in a pure 160 
solution and thus, if the hole carriers are peroxide-like such as O-, the evolved oxygen should 
be enriched in 1so. These results will be presented, as well as those experiments designed to 
decide between O]- and O- as the probable "hole carrier" into the solution, plus additional in- 
formation on 1sO intercalation i YBa2Cu3Oy (YBC). 
Experimental 
The YBa2Cu3Oy was prepared from the nitrates. The appropriate quantities of Cu metal 
(99.999%), assayed Y203 and BaCO3 were dissolved in nitric acid, evaporated to dryness and 
converted to the oxide by heating in oxygen. After repeated heating and regrinding x-ray 
diffraction showed well crystallized single phase YBC. This oxygen content, y, of this material 
was then adjusted to 6.96 - 6.98, as determined by TGA and wet chemical analysis. It was then 
vacuum annealed at 550°C for 18 hours. The resulting material was a fine-grained tetragonal 
powder with y = 6.1 - 6.2, and was used as the source material in the subsequent experiments. 
The oxygen deficient powders were reoxygenated at various temperatures and times and then 
rapidly quenched. Two series of samples were prepared; one in pure 160: and the other in pure 
lSO. The quenched samples were then analyzed for total oxygen, hole concentration a d the 
180/160 ratio. 
Total oxygen was determined in several ways: by the complete reduction to the metal using 
the TGA technique, and from analysis of the metallic species by inductively coupled plasma 
atomic emission spectrometry, and determining the oxygen by difference. We also obtained the 
oxygen concentration from a determination f the average oxidation state of the copper. This 
is also a direct measure of the hole concentration, p, which in fact is just the electron deficiency. 
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Comparison of the hole concentration, P, as determined by 
lodometric Titration (broken line) with the volume of evolved oxygen 
(solid line) for samples quenched from various temperatures. The 
open triangles how P determined by hydrogen reduction. 
Two methods were used to 
determine the hole concen- 
tration, p; First was by the 
now well -established 
iodometric titration method 
where the degree of oxidation 
of copper beyond Cu • is de- 
termined (lO). From this we 
obtain the hole concen- 
tration, p, and the "average 
copper valence " (2 + P), 
from which we obtain the 
oxygen content. Similarly, 
the hole concentration can 
be obtained by measuring the 
volume of oxygen evolved 
when these "hole-containing" 
materials are dissolved in 
acid solution. 
I:or example, if we consider the reaction: 
YBa2Cu3Or.98--~YBa2Cu3Or.5 + 0.2402 
The average charge on the Cu is reduced from 2.32 to 2.00. This reduction can also take place 
thermally, e.g. in a TGA experiment, or by acid dissolution where the hole species is allowed to 
react with the solution to evolve oxygen rather than with I- or Fe 2.. The quantity evolved will 
be a measure of the hole concentration, from which the oxygen stoichiometr/ can be deter- 
mined. Further, analysis of the evolved gas by mass spectrometry allows us to determine its 
origin, e.g. what fraction comes from the solid as opposed to the solution in which it is dis- 
solved. The evolved gasses were analyzed by gas chromatography/mass spectrometry (GC/M S). 
For these analyses, isotopically enriched or standard YBC (50-100 rag) were placed into a sealed 
reaction vial along with 5 ml of 10% 180 enriched 1120. The enriched 1t20 was purified by 
distillation just prior to use and purged with oxygen-free nitrogen for 10 rain to remove dis- 
solved oxygen. Acid was introduced by injecting 250-500 u~' of a 1:i ItCL solution, The 
evolved gas was anal~czed with an l lP 5970 GC/MS using a carbosieve S-II column. In our 
spectra the 02 was fully resolved from the N 2 peak. The 180/160 ratios of the evolved gasses 
were determined by measuring the peak intensities in the oxygen dimer region of the mass 
spectrum (M/E = 32 TO 36). Secondary ion mass spectrometry (SIMS) was used to determine 
the 180/160 ratio in pellets pressed from the enriched powders. A Cameca 4f ion microscope 
was employed for this determination. The samples were bombarded with a beam of ~33 Cs + 
primary ions at 14.5 KeV and negative secondary ions were monitored. The evaluation of the 
secondary ion spectrum in the range m/e = 15 to 20 and high mass resolution were employed 
to evaluate potential mass interferences at m/e = 16 and 18. Since no significant mass inter- 
ferences were observed, the ratio of 180/160 secondary ions was measured with a faraday cup 
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Fig. 2 
The IsO/]~O ratio for samples heated in pure 
JsO gas and quenched from temperatures indi- 
cated. Solid line, as determined by SIMS, and 
broken line by gas chromatography/mass 
spectrometry. 
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Fig. 3 
The 180/160 ratio (broken line) determined 
by SIMS (x) and GC/MS (O) and the hole 
concentration P (solid line), as determined 






detector and a peak switching routine. In addition, samples were presputtered approximately 
5 rain (several thousand A ) to remove anomalies caused by surface contamination. 
To learn about the identity of the oxidizing species e.g. ()2 ,Cu3+ or O ,  released into the sol- 
ution, 6-7 mg YBC samples were dissolved with grinding in phthalate-bufl~red solutions of 
{MnlZ.I)TA} 2 in tile presence of excess MnCI2, at pll-~3. The solution was buttered to pIl-~4 
with acetate, filtered, and its visible spectrum measured. The ratio between the resulting 
absorbances of  the (;u 2~ - I'~I)TA and Mn ~ - I]I)'I'A complexes was compared with that ob- 
tained under similar conditions using Cu(NO3)2 and KMnO4 standard solutions (the latter gen- 
erates Mn 3' as follows: MnO4 + 5{MnI'I) ' I 'A} ~ + 811 ~ ---> 5{MnEDTA} + Mn ~ + 
4I lsO). A detailed account of this analytical procedure will be published separately (11). Since 
Mn ~* reacts with Ii2() ~ "paradoxically", undergoing reduction to Mn 2~ , one expects to see no 
Mn ~ if more than 50% (equiv.) of the oxidant is released as ()~ ; on the other hand, if it is re- 
leased as O (or Cu ~' ) then the hole concentration found by this method should match the TGA 
and iodometric results. 
Resu l ts  and D iscuss ion  
In Fig. I we compare the hole concentration, p, expressed in terms of holes per copper site, as 
determined by iodometric titration, with that determined from measuring the volume of evolved 
oxygen. These measurements were made on samples heated in oxygen at the temperatures in- 
dicated, and then rapidly quenched. There is general agreement between the two techniques 
although the iodometric method gives a slightly higher value for p. The fact that both tech- 
niques show p going to zero (indicating no holes) in samples quenched from 900°C rather than 
the generally accepted temperature of around 720°C, in I atm 02, is undoubtedly due to 
oxidation of  the powder during quenching. Because of the kinetics of the oxygen uptake, the 
sample quenched from 3(X)°C was not fully oxygenated, hence tile low volume of oxygen 
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evolved. The open triangles how the values obtained by complete reduction. In any case, as 
seen in Fig. I, measuring the volume of oxygen evolved during dissolution is a reasonably ac- 
curate way to determine the hole concentration and oxygen content of these materials. Figs. 2 
and 3 show the results of the 180 incorporation in YBa2Cu306.,s. In Fig. 2, the 180/160 ratio 
as a function of temperature, asdetermined by both sims and GC/MC, is shown. These samples 
were held at the indicated temperature for six hours in one atm 180 and then rapidly quenched. 
The agreement between the SIMS and GC/MS is good for samples treated below 700°C. SIMS 
measures the bulk composition and since it agrees with the GC/MS indicates the data are rep- 
resentative of the materials bulk properties rather than some inhomogeneous surface process 
during the dissolution process. The samples used in the dissolution studies had an 180/160 of 
about 0.58, meaning that about 37% of the lattice oxygen is 1so. It is possible, however, by 
repeated vacuum deoxygenation and 180 intercalation to produce samples with 180 concen- 
trations in excess of 75%. 
lnlbrmation on the rate of 180 incorporation in Yga2CusO6.1s i given in Fig. 3, where the 
180/160 ratio vs. time at 430°C is plotted. Clearly, for this temperature, the SIMS and GC/MS 
determinations are in good agreement and after about six hours, the material is fully 
oxygenated to y = 6.96. Also shown is the hole concentration, as determined by iodomctry. It 
is a measure of the oxygen content and shows how it varies as a function of the reaction with 
oxygen under these conditions. These data are in general agreement with previous kinetic 
studies on oxygen uptake and emphasize the fact that there is an oxygen deficiency for the 
shorter eaction times (12). 
Three experiments were done with the samples described above and the results are described in 
Table I. The first (run #1) was the dissolution of YBa~Cu306.98 containing only 160 in a solution 
containing only 160. The second (run #2) was the dissolution of the same YBC in an 180 en- 
riched solution; the third was the dissolution of 37% 180 enriched YBC in acid containing only 
160. In all cases the evolved oxygen was collected and the ~80/~60 ratio determined as described 
above. 
Table I 
RUN # SOLID SOLVENT EVOLVED GAS 
1 YBC(16) 1t20(16) 0.0030* 
2 YBC(16) I120(18) 0.0038 
3 YBC(I8) [I20(16) 0.43 
* natural abundance 1so/160 the numbers in the,parentheses, e.g.(18), indicate isotope 
enriched (180) or normal (160) ybc and solvent. 
It is clearly seen from run 2, that the evolved oxygen contains no 180. Since its composition is
identical to that of run I, where the YBC was dissolved in a non-enriched ttCL solution. In 
fact, in both cases the volume evolved corresponded to an oxygen content ofy  = 6.96. We can 
conclude from this that the "holes" in the solid YBC, whether they are Cu 3+ , O or O= a , are not 
reacting with the solvent o form gaseous 02. If we now look at the results of run 3, where the 
180 YBC, containing the identical oxygen content, y = 6.98, is similarly dissolved in a non- 
enriched acid solution, we see the evolved oxygen is highly enriched in 180 by a factor of about 
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110, (compare runs 2 and 3). This shows unequivocally that when YBC containing holes is 
dissolved in acid solution and oxygen is evolved, its origin is from the solid and not the solvent. 
We recently became aware of a preprint of work by Salvador et al, where they report similar 
results on the dissolution of SmBa2Cu3OT_~ (13). 
The question ow becomes, what species in the solid and/or what dissolution mechanisms are 
responsible for the formation of the 05 molecule which is evolved. The evolution of oxygen 
originating from the metal oxide rather than the solution, is extremely rare for compound metal 
oxides in contact with aqueous olutions, which implies that in these materials the oxygens are 
in a different state than 05 ions. The two most likely species are the peroxide, O2 , and O-. 
Peroxide, as an entity itself in the solid, has been proposed on theoretical grounds (4,14) and 
indirectly "determined" experimentally (15). In addition, there is much spectroscopic data indi- 
cating strong covalently bonded O-O pairs consistent with peroxide bonds (5,7,16,17). Ilow- 
ever, because of their dynamic nature, structural studies have not been able to unequivocally 
identify the characteristic peroxide bond as one sees in BaO2, Na~O~, etc. The O- species can 
be thought of as a hole in the oxygen band as result of oxygen intercalation. To our knowledge 
there are no solids, other than peroxides, where the occurrence of an O- entity has been 
unequivocally identified. Further, the magnetic moment expected from an O- has not been seen 
experimentally. On the other hand, there is some theoretical evidence for its existence and 
spectroscopy studies, referenced above, show what appears to be a characteristic O- signature. 
The formation of an oxygen molecule by the pairing of two O- holes is likely since O- has a 
21Y (fluorine) configuration and an unsaturated bond available to form an oxygen molecule ac- 
cording to the reaction: 
O- + H+~OH; OH + OH~H - O - O - I I~t t20  + V~O 2 
(the latter step is catalyzed by Cu 2+ ). Similarly, one can argue that if the hole were on the 
copper i.e. Cu 3., and the lattice oxygens are O 2-, the formation of an 05 molecule is energetically 
unlikely. This is because 05 ions have a 2P 6 (neon) configuration with a valence of zero, hence 
have no tendency, either theoretically or experimentally, to form a covalent bond resulting in 
05 formation. Also if Cu 3÷ were present, one would expect hat at the oxide/solution i terface 
it would oxidize water forming O~, which is not seen experimentally. 
A final point as to the identity of the oxidizing oxygen species released into the solution. Since 
we show that Cu 3~ is highly unlikely, the question is; can we distinguish between O]- and O-? 
We find that oxidation of {MnEDTA} 2- by dissolving YBC is nearly quantitative. Based on 
comparison with TGA results, and assuming that the small discrepancy is wholly due to the 
presence of 11205 (which reduces ome {MnEDTA} back to {MnEDTA} 2- ), we can put an 
upper limit of 2% on the amount of oxidant released as O, ~-. This closely matches the results 
of ttarris and Vanderah (18) who used the related reaction of K MnO4 with YBC. Further, upon 
the addition of a Ti 3+ reagent, we were unable to observe the orange-yellow color of 
peroxytitanic a id which should form if H202 were present. We should point out that these tests 
are mainly used for ionic type peroxides (alkali and alkaline earths) and may not be entirely 
valid for the more covalent ransition metals. The species released into solution is thus likely 
to be the anion radical O-, which is instantanously protonated to OH and, in the absence of 
oxidizable species, will quickly form gaseous oxygen. The H~O 2 species, we show in the above 
reaction, does not appear to react with the Ti ~+ reagent o yield the yellow peroxytitanic acid, 
probably as a result of its rapid decomposition catalyzed by Cu 2+ at the solid/liquid interface. 
When large concentrations of the oxidizable species are present, the hydroxyl radical will react 
with them before having a chance to find another of its kind, e.g. 
Mn 2+ + OH- - -> (MnOH) 2÷ 
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We note that the reaction of Oi l  radicals with {MnEDTA} 2 has been observed to proceed 
through attack on the ligand and to yield no Mn 3 +(19). We believe our case to be different, due 
mainly to the use of much larger reagent concentrations and a large excess of MnCI 2. Never- 
theless, this fact as well as the need for additional data prevent one from completely ruling out 
other peroxide-type species (in particular copper-peroxide complexes or superoxide (O~))(20) 
which may be stable enough to react with Mn 2+ faster than they form 1t202. 
In conclusion, we show that the oxygen evolved by the acid dissolution of hole-containing 
superconducting oxides comes from the solid and not the solution, which is evidence that the 
holes are likely located in the oxygen band and not on tile Cu as Cu ~+. It also implies that some 
of the lattice oxygens are not in the "normal" O ~ state but rather have a configuration con- 
sistent with O- or peroxide, ()]-. Since we were unable to detect peroxide by chemical means, 
we speculate that the species released into the solution is the anion radical O ;  however, addi- 
tional work is required to verify this and to show it exists in the solid as a entity distinct t~om 
peroxide. 
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